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We present a search for the Standard Model Higgs boson in 777~ 4 jets final state, using CDF
Run II data with an integrated luminosity of 8.3 fb~1. The Signal considered in this search is four
Higgs boson production processes: W/Z Boson associated production (¢¢' — WH , q@ — ZH) ,
Vector boson fusion(qq’ — gHq') and gluon fusion(gg — H), followed by H — 77.

The 7 can decay leptonically — producing an electron or muon — or hadronically. We consider two
classes of events as candidates by requiring either one isolated electron/muon and one hadronic 7,
or one isolated electron and one isolated muon. We discriminate the Higgs boson signals from back-
grounds using a Support Vector Machine which is optimized to maximize search sensitivity. We can
not see clear excess of the Higgs boson signal process in kinematic distributions, therefore we extract
a 95% confidence level upper limit on the Standard Model Higgs boson cross section(X H — jj+77).
The expected and observed limit are evaluated from My = 100GeV/c2 to My = 150GeV/c2 in
5GeV/c* step. The observed(expected) limit on assumption of My = 115GeV/c? is 12.2(12.6752).



I. INTRODUCTION

One of the most important tasks in particle physics is to observe the standard model(SM) Higgs
boson. The existence of the Higgs boson is predicted to explain the mechanism of electroweak symme-
try breaking and the origin of mass for the W/Z boson and fermions. Direct searches from the LEP
experiment indicate that the SM Higgs boson has to be greater than 114.4GeV/c? at 95% confidence
level [1], and indirect constraints (top quark and W boson mass within standard model framework)
suggests that it might exist in My = 95GeV 5 at 68% confidence level [2].

At the Tevatron colliding pp at /s = 1.96TeV, CDF/D0 experiments perform the search with
various SM Higgs boson production and decay modes depending on its mass. In the low mass region
(100GeV < My < 135GeV), the main search mode is W/Z boson associated production with the
decay of the SM Higgs boson into a b-quark pair and the W/Z boson into electron or muon. This
is because the SM Higgs boson dominantly decays into b-quark pair in this region, and electron
or muon from the W/Z boson suppresses QCD background. But these searches are difficult for
background modeling and estimation of bb process due to poor jet energy resolution compared with
leptons(electron/muon). Therefore in low mass region, several subchannels are analyzed to obtain
further sensitivity.

Considering this situation, the H — 77 process is a powerful channel to improve search sensitivity
in low mass region. This is because the branching ratio of the SM Higgs boson to a 7 pair is the
second highest(6.9% at My = 120GeV/c?) and four Higgs boson production processes are possible to
consider:

e WH (— 77)

e ZH (— 77)

e qHq") — gr7q")
ege - H — 77

Also, the main background of this process is an electroweak process, Z — 77, which has a well estimate
production rate and model kinematic shape compared with QCD process. Furthermore, at the LHC,
the vector boson fusion production with H — 77 is one of main channels in low mass range. There is
importance to understand the H — 77 event signature for LHC and Tevatron experiments.

In this analysis, we focus on that final state is 7 pair and jets. The additional requirement of
one or more jets increases signal acceptance and improve search sensitivity, because we can observe
jets with high probability in all signal processes; in the WH/ZH processes, W/Z boson have large
branching ratio of decaying into 2jets (67%/70%) and probability of initial state radiation, the vector
boson fusion process naturally has jets and gluon fusion process has initial state radiation with high
probability. The search of 7 pair and leptons(electron or muon) has recently been performed as a new
search channel at CDF[3].

We can detect 7 only after its decay with weak interaction. One is the leptonic decay (7% —
ef v +v, ) — pt + v, +v) of which B.R is ~ 17% for each lepton type. The other is the
hadronic decay (7% — v, + h£ / 75 — vy + hERTAE) of which B.R is ~ 65%, where h means charged
hadron (7% or K* and so on) and also this decay associate with >0 neutral hadron (mostly 7°).
When 1(3) charged hadron is detected, it called 1(3) prong Thaq-

Therefore, in ditau case, there are four mode which could possibly be used: 7./,7./,(B.R:6%),
TeTu(B.R:6%), ThadThaa(B.R:43%) and 7./, Thaa(B.R:46%). Previous analyses at CDF[4][5] considered
only e/p + Thea decay mode which is considered the golden mode because the QCD background is
reduced by having one electron or muon, and this mode has the highest branching ratio. We add
electron 4+ muon decay mode as new channel to increase signal acceptance and improve sensitivity.
On benefit of this channel is that the QCD and Drell-Yan backgrounds are small.



II. THE CDF RUNII DETECTOR

The CDF II Detector is cylindrical and symmetrically surrounds beam pipe by many different
layers. Using the azimuthal angle ¢ and the pseudorapidity 7, we describe the detector geometry. A
complete description of CDF II detector can be found in [6]. Each of these layers work simultaneously
with the other components of the detector: Silicon detector, Central Outer Tracker, Solenoid Magnet,
Electromagnetic calorimeter, Hadronic calorimeter and Muon detector. The luminosity of pp collisions
at CDF is measured by Cherenkov luminosity counters.

III. DATA SAMPLE & EVENT SELECTION

This analysis is based on an integrated luminosity of 8.3fb~! collected with CDF II detector from
March 2002 thorough March 2011. We applied several cuts to clean up events and these cuts are differ-
ent between e/ + Tpqq channel and e + p channel. First selections are physical object requirements:
in e/p + Thea channel, we require one electron or muon, one hadronic 7 and jets. in e + p channel,
we require one electron, one muon and jets. We further require that electron/muon and hadronic 7
or electron and muon have to have opposite charge. This is based on the fact that 7 pair should be
the opposite sign when those come from the Higgs boson which is neutral particle. In e/u + Thaa
channel, we apply additional cut to suppress Z — ee/upu event (Z boson veto). Since the Drell-Yan
cross section is relatively large and the final state is actually opposite sign, we try to further reject
the Z — ee/pp background. This veto is applied to following events: hadronic 7 identified as 1 prong
and Epqq/P < 0.4 , invariant mass of lepton and hadronic 7 is between 80GeV/c? and 110GeV/c?
(consistent with invariant mass of Z boson). The 0-jet channel is handled as control region and the 1
and >2 jet channels are used as the signal region for the Higgs boson search.

IV. SIGNAL EXPECTATION

All Signal (WH,ZH,VBF,ggH) Monte Carlo samples are generated by PYTHIA. For each of four
Higgs boson production process, there are samples for Higgs boson masses from 100GeV/c? to
150GeV/c? in 5GeV/c? step. The number of expected signal events for each Higgs boson mass point
are summarized in Table I. These numbers are after applying detector acceptances and identification
efficiencies.

Number of expected signal events
H— 77 4 jets

-1
[ Ldt = 8.3fb e S

Mg (GeV/c?) |= 1jet > 2jet Total|= ljet > 2jet Total

100 6.45 5.15 11.60( 0.89 0.67 1.56

105 5.94 4.59 10.52| 0.84 0.59 1.43

110 530 4.15 9.44 | 0.73 0.54 1.27

115 4.55 3.54 8.09| 0.63 046 1.08

120 3.97 3.10 7.07| 0.54 0.38 0.92

125 3.33 254 587|044 035 0.79

130 2.62 2.06 4.68 | 0.36 0.27 0.63

135 2.04 1.55 3.59| 028 0.21 045

140 1.47 114 261 | 021 0.16 0.36

145 1.01 0.77 1.79 | 0.15 0.10 0.25

150 0.64 0.50 1.13| 0.09 0.07 0.16

TABLE I: Number of expected event for each signal channels at each Higgs boson mass point with the number
of jet in final state.



V. BACKGROUNDS

Each background process in this analysis is estimated and modeled by Monte Carlo simulations
and data-driven techniques. We rely on Monte Carlo (MC) simulations for some background sources:
Z/v*+jes, tt, diboson(WW,WZ and ZZ) and a part of W+jets(for kinematic distribution modeling).
We use ALPGEN MC samples for Z/v*+jes and W+jets. The ALPGEN generator uses PYTHIA for
hadronizations and is matched by matrix element and parton shower to avoid double counting|[7].
and diboson(WW/WZ/ZZ) are generated by PYTHIA[S].

The expected number of events is obtained by:

N =" x Br* x A" X €19 X €1D XevtIX/Ldt, (1)

where i denotes each background process. o represents the production cross section for i-th process,
and Br® is the branching ratio for a process i if needed. A’ is the acceptance of i-th process. €44 is
the trigger efficiency of lepton plus track trigger, e¢;p is the lepton(including 73,,4) identification and
reconstruction scale factor, and €., is the run dependent efficiency of z vertex position requirement.
J Ldt is the integrated luminosity used this analysis.

As for data driven techniques, the same sign (SS) data is directly used for the estimation and
modeling of QCD, y+jet and W+jets, these can contribute into the signal region when jets fake
e/ 1t/ Thad- In order to use the same sign data, there is one assumption for QCD and ~y+jets processes:
in final state of these processes, there is no charge correlation which is expected between the charge
of reconstructed e/p and 744 or e and p. Stated another way, the number of opposite sign (OS)
events should be equal to the number of same sign(SS) events. In W+jets process, we can also use
same sign data for estimating and modeling W+jets events, but this process has a charge correlation
in e/u from W boson and the outgoing quark. There are more opposite sign events than same sign
events(Nos > Nss).

In e + p channel, this additional contribution is very small which can be ignored because jet — e/
fake rate is not very high. On the other hand in e/i + Thaq channel, jet — 7,44 fake rate(~10%) is
higher than jet — e/u. Therefore, we should not directly use same sign data for W+jets estimation
without estimating additional contributions to this background, which means Nyqq_0n = Nos — Ngs.

In order to perform this estimation, we study the W+jets control region. We require one loose
Thad Which is defined by lowering thresholds of some ID cuts (seed track Pr, visible Pr and visible
Mass) and exclusive 7,44 ID used in the Higgs boson signal selection. Also we require one electron or
muon, and apply a missing transverse energy(fr) cut (£ < 25/30/35GeV for 0/1/>2 jet), and the
transverse mass of e/u and By cut (Mr(e/u, Byp) > 40GeV/c?). Using this region, we evaluate a scale
factor between the number of opposite sign events and the number of same sign events. Then the
number of additional W+jets events are estimated using this scale factor. Kinematical distributions
for additional W+jets events are represented by ALPGEN MC samples.

After these estimations, the expected number of background and observed data are summarized in
Table II and Table ITI. The prediction and observed data are consistent within uncertainties.



To improve sensitivity, a Support Vector Machine (SVM) |

H — 77 + jets ( ¢/ + Thea channel )

Source 0 jet 1 jet >2 jet
Z 7T 12390.6 £ 1078.0 2471.9 £ 311.5 609.1 & 100.5
Z — ee/up 763.2 £ 77.1 199.6 +25.5 51.94+ 7.8
tt 0.540.2 12.34+2.4 138.3+£18.0
WW/WZ/77 109.9 +£12.1 96.2 +9.7 45.7 £ 6.7
jet— Thada 19331.0 & 139.0 5843.0 £ 128.0 1551 4 39.4
Add-on. Wjets 2393.3 + 363.8 785.0 =+ 76.4 169.9 +£41.5
Total Background 34988.5 + 1148.8 9408.0 + 346.4 2566.9 +115.8
H — 77(My = 120GeV/c?) - 3.97 £ 0.75 3.10+1.12
Observed (8.3fb71) 34983 9278 2633

TABLE II: Background prediction and observed data for e/u + Theq channel with 8.3fb~ L.

H — 77 + jets (e + p channel )

Source 0 jet 1 jet >2 jet
Z =711 1384.9 £ 113.6 283.6 & 32.6 745 £14.0
Z — ee/up 83.4+8.2 29.6+3.5 11.44+1.8
tt 0.6 40.2 17.04 3.0 126.5 £ 16.1
WW/WZ/77 160.3 +16.2 43.5+5.1 13.7+£2.3
jet— e/ 187.0 +£13.7 54.0 + 7.3 20.0 + 4.5
Total Background 1816.2 4+ 115.8 427.7 4+ 34.1 246.1 + 22.0
H — 77(My = 120GeV/c?) - 0.53 +0.09 0.38 +0.16
Observed (8.3fb™1) 1811 408 260

TABLE III: Background prediction and observed data for e 4+ p channel with 8.3fb™1.

VI. DISCRIMINATION

| is trained using several kinematical

variables to discriminate H — 77 from backgrounds. Support Vector Machines are a multivariate
analysis method. The concept of SVM is very simple: use a decision plane to separate signal and
background in hyper space(kinematical variables space). We use SVM in TMVA tool kit (TMVA
v4.1.0 and ROOT v5.28).

Four signal channels are defined in this analysis because these background components are respec-
tively different.

e/i + Thada + 1ljet channel

e/i + Thaa + > 2jet channel

e + u + 1ljet channel
e + u + > 2jet channel

We prepare four classifiers for each 1jet and >2jet in e/u + Thaq channel and two classifiers for 1jet
and > 2jet in e + p channel. Each classifier is trained using different input variables. The H— 77
process is defined as signal and one of the background processes is defined as background, which is
dominant in background source or has different kinematical distributions from signal. The definition
of each classifier is summarized in Table IV.



H — 77 + jets
e/p + Thea channel e + p + channel
1 jet > 2jet 1 jet > 2jet
H—71rvs.Z2—717 H—717Vs. Z— 717 |H—>77Vs. Z— 7177 H—> 717 VS. Z— 7T
H—77vs. QCD H—77vs. QCD |H — 77 vs. QCD H — 77 vs. QCD
H — 77 vs. WHjets H — 77 vs. Wjets
H — 771 vs. diboson H — 77 vs. tt

TABLE IV: The training category for each signal channel.

For the signal training sample, we use PYTHIA MC sample for each process: WH— 27 4 2jets,
ZH — 21+ 2jets, VBF — 27 +2jets, ggH — 27(+jets). Each classifier is trained separately by each
Higgs boson mass point: 110GeV/c?, 115GeV/c?, 120GeV/c?, 130GeV/c?, 140GeV/c?, 150GeV /.
Each signal sample is mixed by weighting the number of expected events at each mass point.

For the background training samples, ALPGEN MC samples are used for Z/y* — 77, W+jets and
PYTHIA MC samples are used for ¢t and diboson. There are three independent processes in diboson
process: WW, WZ, ZZ. These processes are mixed by weighting the expected number of events for the
diboson training sample. For the QCD training sample, we use data which are in isolation-side-band
region. This means that e/ isolation is more than 0.4, that these events are not in our candidate
events.

Finally, we obtain four classifiers for each e/u + 7144 channel and two classifiers for e + p channel.
Final discriminant distribution is obtained by taking MINIMUM response among distributions from
classifiers. Figure 1 shows final discriminant distributions for /744 + 1/>2jet channels and e + p +
1/> 2 jet channels. In these figures, signal distribution is scaled by one hundred, and assumed that
My = 115GeV/c2.
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VII. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are taken into account in this analysis. We assign 5.9%
uncertainty for the integrated luminosity and 0.5% uncertainty for the efficiency of z vertex position
cut. The trigger efficiency and lepton identification and reconstruction scale factor uncertainties
depend on lepton type.

We assign 0.3% , 1.0% and 3.0% as trigger efficiency uncertainties for electron, muon and 744,
and also assign 2.4%, 2.6% and 3.0% as identification and reconstruction scale factor uncertainties.
Uncertainties for theoretical cross section depend on the process: For Drell-Yan processes, 2.2%
uncertainty is assigned for all lepton types based on previous CDF measurement uncertainty[9]. For
tt and diboson processes, 6% and 10% uncertainties are assigned respectively. For four Higgs boson
production processes these uncertainties are considered: 5% for W/Z boson associated production,
10% for vector boson fusion and 23.5%(33.0%) for gluon fusion in the 1jet(>2jet) channel.

For the normalization factor of additional W+jets contribution, since these values are obtained
completely from data, we do not assign any uncertainty related to Monte Carlo simulation, but only
assign related to data/MC scale factor uncertainty of 14.8% (1.4 +0.2). The uncertainty of same sign
data method are assigned statistic error. Uncertainties related to parton distribution function are
taken into account for all Higgs boson signal processes. We produced weight functions in CTEQ6M
and also for MRST72 and for MRST75. Then these two are added in quadrature. Uncertainties
related to initial state radiation (ISR) and final state radiation (FSR) are take into account for all
Higgs boson signal processes. These values are evaluated for each signal channel, by calculating
acceptance difference in MC samples, which is increased or reduced the strength of ISR and FSR in
+10 at the parton showering process.

The main source of systematic uncertainty is related to jet energy scale. The effect of jet energy
scale is evaluated by applying jet energy correction shifted +1¢ from default correction factor. The un-
certainty in the shape of final discriminant due to jet energy scale is also considered. These systematic
uncertainties are summarized in Table V and Table VI

Systematic Uncertainties (%)

H — 77 + jets (e/pt + Thad channel )

Source Z =717 Z—ll tt  diboson jet — Theq Add.Wijet || WH ZH VBF ggH
Luminosity 5.9 5.9 5.9 5.9 - - 5.9 5.9 5.9 5.9
| Zvertea| 0.5 0.5 0.5 0.5 - - 0.5 0.5 0.5 0.5
o/Norm. = ljet 2.0 5.0 10.0 6.0 1.3 14.8 5.0 5.0 10.0 23.5

> 2jet 2.0 5.0 10.0 6.0 2.5 14.8 5.0 5.0 10.0 33.0
PDF - - - - - - 1.2 0.9 2.2 4.9
ele Trigger 0.3 0.3 0.3 0.3 - - 0.3 0.3 0.3 0.3
u Trigger 1.0 1.0 1.0 1.0 - - 1.0 1.0 1.0 1.0
track Trigger 3.0 3.0 3.0 3.0 - - 3.0 3.0 3.0 3.0
ele ID 2.4 2.4 2.4 2.4 - - 2.4 2.4 2.4 2.4
w ID 2.6 2.6 2.6 2.6 - - 2.6 2.6 2.6 2.6
Thad 1D 3.0 3.0 3.0 3.0 - - 3.0 3.0 3.0 3.0
JES = ljet 9.5 8.5 14.5 0.5 - 4.2 2.8 6.4 6.5 4.3

> 2jet| 14.2 12.1 1.3 10.7 - 15.4 5.1 3.9 3.7 14.5
IF-SR = ljet - - - - - - 6.7 8.7 8.8 3.6

> 2jet - - - - - - 4.8 3.8 3.9 19.1
Total = ljet| 12.6 12.8 194 10.1 1.3 16.3 12.1 145 17.1 26.0

> 2jet| 16.5 14.7 12.9 14.7 2.5 21.4 119 11.1 142 41.9

TABLE V: Summary of systematic uncertainties in €/u + Thqea channel.



Systematic Uncertainties (%)
H — 77 + jets (e + p channel )

Source Z —7T17 Z =l tt diboson jet — e/p|| WH ZH VBF ggH
Luminosity 5.9 5.9 5.9 5.9 - 5.9 5.9 5.9 5.9
| Zvertea| 0.5 0.5 0.5 0.5 - 0.5 0.5 0.5 0.5
o/Norm = ljet 2.0 5.0 10.0 6.0 13.7 5.0 5.0 10.0 23.5

> 2jet 2.0 5.0 10.0 6.0 22.3 5.0 5.0 10.0 33.0
PDF - - - - - 1.2 0.9 2.2 4.9
ele Trigger 0.3 0.3 0.3 0.3 - 0.3 0.3 0.3 0.3
 Trigger 1.0 1.0 1.0 1.0 - 1.0 1.0 1.0 1.0
track Trigger 3.0 3.0 3.0 3.0 - 3.0 3.0 3.0 3.0
ele ID 24 2.4 2.4 2.4 - 2.4 24 24 24
© ID 2.6 2.6 2.6 2.6 - 2.6 2.6 2.6 2.6
JES = 1jet 8.3 7.7 12.3 6.7 - 6.7 8.7 8.8 3.6
> 2jet| 16.8 11.0 1.8 13.6 - 4.8 3.8 3.9 19.1
IF-SR = 1jet - - - - - 6.4 9.9 4.0 7.6
> 27jet - - - - - 3.4 1.1 0.8 31.1
Total =1jet| 11.5 11.9 17.6 11.8 13.7 11.3 140 155 26.5
> 2jet| 18.6 14.3 12.7 16.7 22.3 11.7 102 134 49.4

TABLE VI: Summary of systematic uncertainties in e + g channel.

VIII. RESULTS

From the expected sensitivity, it is already known to be quite hard to claim an evidence of the SM
Higgs boson and in fact there is no clear excess in the signal region. Given the fact that our background
models nicely agree with data in background rich region, we extract 95% C.L limit for the SM Higgs
boson cross section. Using final discriminant distributions, we perform binned maximum likelihood
method to obtain 95% C.L limit. For each bin, the expected number of event(u;) is evaluated as
below:

Nigfz NMffl ( l~/Ldt>, (2)

where k represents the kind of background(Z — 77, Z — Il tt, diboson, add-on W+jets) and [
represents the kind of signal(WH, ZH, VBF, ggH), and Ny,, and Ny are the number of kind of
background process(Npr, = 5) and signal process(Ny;, = 4). For each k and [, fF and f! represent
the expected fraction in i-th bin. In the second term, €' is the detection efficiency (Acceptance,
trigger efficiency, lepton identification efficiency, z vertex position cut efficiency) for signal [ and f Ldt
is the integrated luminosity. And finally, o' is production cross section of signal I, which is unknown
parameter for likelihood fit.
Then, we define likelihood function as below:

Nuin  N; Nokg Nsig

<USM> / /H N,e i H G (N*®, ARN®) T G (N', A'dN"), (3)

=1

where AF and Al are the systematic uncertainty of each processes, and G represents gaussian fraction,
which is fluctuated by the expected systematic uncertainty. N; is the number of observed event in
i-th bin. For each signal production cross section(c'), we assume that these are 100% correlated.
Therefore ratios between parameters of ¢! and the SM production cross section(ogys) are same, we
consider one parameter (2—) in the likelihood.

Here, we define a likelihood for each signal channel. Then, four likelihoods are collected by taking




their product:

We evaluate the expected 95% C.L limit from the maximum binned likelihood by pseudo-experiment.
To get the number of events of pseudo data, each background source is fluctuated by gaussian fraction
with systematic uncertainties. Then, the number of events for each bin in one pseudo-experiment is
extracted by Poisson distribution. Finally, we summarize the combined limits from the four channels

L:L1XL2XL3XL4.

in Table VII and Figure 2 and 3 as the result of this analysis.

H — 77 + jets

[ Ldt = 8.3fb~

Mg (GeV/c?)

! Expected Limit/osnm

-20 -lo Median +1o

+20

Observed Limit/osnm

100.0
105.0
110.0
115.0
120.0
125.0
130.0
135.0
140.0
145.0
150.0

74 11.3 16.8 258
6.5 96 149 234
6.2 9.0 131 20.2
59 89 126 19.6
6.8 94 139 204
6.9 102 148 218
8.0 10.8 16.1 24.2
104 146 21.0 30.2
11.9 175 251 36.6
16.7 229 33.0 48.2
23.0 33.5 475 69.1

39.3
34.9
28.8
29.9
30.7
33.0
34.5
44.1
51.9
68.6
90.2

12.5
11.2
10.4
12.2
11.1
11.7
12.4
23.6
27.5
29.7
43.0

TABLE VII: Expected and Observed limit at 95% confidence level

I Ldt = 8.3fb"

140 |-
120 |-

100 [

-
1=

T

z

o

m

=

=

L2

° 8of
=

= i
5 60r
¥ i
o
32
[Tz
o
=]

CDF RUN Il Preliminary

H — 11 +jets |

Observed = =TT
- Expected

I:Ii10' ...................

StanFard Model;Pr‘ediction

100 110 120 130

FIG. 2: Expected and Observed limit at 95% confidence level (linear scale)

140

150

M, [GeVic?]




10

_ A
CDF RUN Il Preliminary j Lt = 8.3fb
L. T T T T T T T T T T T T T

" H— 1t + jets
‘]03 E oo
E Observed
[ ~——— Expected
MCdx1eo
TE+2c

6(95% C.L. Limit)/ o(SM)x BR(H—11)

Standard Model Prediction

100 110 120 130 140 150
M, [GeV/c?]

FIG. 3: Expected and Observed limit at 95% confidence level (log scale)

IX. CONCLUSION

We performed a search for the standard model Higgs boson in 77 + jets final state with 8.3fb~!
collected by CDF II detector. Since there was no significant excess in kinematical distributions, we
extract a cross section upper limit on the standard model Higgs boson(XH — 77 + jets) at 95%
confidence level. The observed(expected) cross section limit for My = 115GeV/c? is 12.2(12.67%9).
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